ABSTRACT-The characteristics of neuronal and paraneuronal muscarinic inhibition and excitation were analyzed using rat caudate nucleus (CN) slices and isolated chro maffin cells obtained from the rat adrenal medulla. In CN neurons, either acetylcho line (ACh), carbachol, or muscarine inhibited orthodromically activated firing, while nicotine had no effect on neuronal activity. Muscarine decreased the amplitude of EPSPs without altering the resting membrane potential (RMP), input impedance and EPSP time courses. These results indicate that muscarinic receptors produce the pre synaptic inhibition of synaptic transmission in the CN. In adrenal chromaffin cells, it was found that ACh, muscarine, and nicotine all increased extracellularly recorded fir ing. During voltage clamp recording at the RMP, ACh induced a transient inward current (fast response) followed by a long-lasting current (slow response). Muscarine induced the slow response, whereas nicotine induced the fast response. Muscarine re duced the inward K+ current produced by the application of a high K+ medium to cells. During patch clamp recording, muscarine decreased the opening rate of the single K+ channels. These results indicate that the muscarinic excitation of adrenal chromaffin cells was triggered by a reduction in the number of active K+ channels at the RMP.
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A great variety of neurons and paraneurons show responses to acetylcholine (ACh) which are mediated by muscarinic receptors. In most of these cells, muscarinic receptor stimulation causes a change in membrane conductance by opening or closing selective channels, and the existence of several ion channels linked to these receptors results in a diversity of re sponses. For example, muscarinic excitation is seen throughout the central nervous system (CNS), the autonomic ganglia, and the adre nal medulla (1) , while muscarinic inhibition is also seen in a broad area of the CNS, includ ing the cerebral cortex, the caudate nucleus (CN), and the thalamus.
In the CNS, the highest concentrations of cholineacetyltransferase, acetylcholinesterase, and ACh itself are found in the CN and the putamen (2, 3) . Subcellular fractionation stud ies show that most of the cholineacetyltrans ferase activity is concentrated in nerve end ings. In addition, histological and biochemical studies have demonstrated the presence of dense muscarinic binding sites in the CN (4, 5) . These findings indicate that the musca rinergic cholinergic system plays an important role in the regulation of CN neuronal activity. Since both muscarinic antagonists and dopa minergic agonists are effective in relieving the symptoms of Parkinson's disease, the musca rinic cholinergic system and the dopaminergic system are considered to have opposing effects on CN neurons (6, 7) .
With regard to the peripheral nervous sys tem, there are a number of studies concerning the effects of muscarinic excitation on the autonomic ganglia (8, 9) and the adrenal medulla (10) , and these studies have shown that muscarinic receptor-mediated excitation is linked to K+ channels. Recent studies have also shown that the chromaffin cells of the adrenal medulla provide an excellent model of the nervous system (11), since the adrenal chromaffin cells possess characteristics similar to those of autonomic ganglion cells. More over, the chromaffin cells are suitable for patch clamp experiments, since isolated cells with homogeneous properties are easily obtained (12) .
In this review, I would like to elucidate the mechanisms underlying muscarinic receptor mediated inhibition of caudate nucleus neurons and excitation of adrenal chromaffin cells.
Muscarinic inhibition of caudate nucleus neurons
ACh-containing CN neurons are considered to make a local circuit because lesions of brain regions sending fibers to the CN do not re duce the ACh content of this nucleus (13, 14) . The neuronal mechanisms of the cholinergic system in the CN have been investigated by determining the effects of cholinergic agonists on CN neuronal activity. Early iontophoretic studies demonstrated that ACh has both ex citatory and inhibitory effects on CN neurons (15) (16) (17) . In vitro studies using slice prepara tions of the CN have shown two kinds of cho linergic actions: 1) inhibition mediated by muscarinic receptors (18, 19) and 2) excitation mediated by both nicotinic and muscarinic re ceptors (19, 20) . However, these studies did not assess whether inhibition or excitation was dominant in the CN.
Therefore, we quantitatively analyzed the effects of cholinergic agents on CN neurons to determine the dominant effect of cholinergic systems on neuronal transmission in this nu cleus (21) .
CN slices (300,um) were prepared from de capitated male Wistar rats using a Vibratome. Slices containing the rostral part of the CN were submerged completely in the recording chamber, which was continuously perfused with artificial cerebrospinal fluid at 33-34T. Extracellular and intracellular recordings were made from CN neurons using glass microelec trodes filled with 2 M NaCI and 3 M KC1, re spectively. A bipolar stimulating electrode was placed on the surface of the slice to produce orthodromic responses. Drugs were added to the bath by switching the perfusion system.
The effect of carbachol on spikes induced by submaximal and supramaximal stimulation was examined. If excitation rather than the in hibition was the predominant effect of cho linergic agents, the number of spikes elicited by submaximal stimulation should increase, while the number of spikes should decrease if the inhibition was dominant. Carbachol (10-7 to 10-5 M) dose-dependently reduced the number of spikes produced by both submax imal and supramaximal stimulation, suggesting that the inhibition is the dominant action of cholinergic agents in the CN.
Carbachol (10-'-10-5 M) and muscarine (10'-10-5 M) dose-dependently inhibited spike generation by local stimulation in CN neurons with an ED50 of 7.0 X 10-7 and 8.9 X 10-7 M, respectively. In contrast, nicotine had no effect at concentrations of 10-7 to 10-3 M. ACh alone at concentrations up to 10-4 M also had no effect, although higher concentrations (10-3 to 10-2M) inhibited spike generation with an ED50 of 1.6 X 10-3 M. However, the acetylcholinesterase inhibitor physostigmine (10-6 M) shifted the dose-re sponse curve for ACh-induced inhibition to the left, yielding an ED50 of 4.1 X 10-6 M. Atropine at concentrations of 3 X 10-8 M to 10-6 M dose-dependently reduced the inhibi tory effects of carbachol. The Schild plot (22) for the antagonism of carbachol-induced in hibition by atropine yielded a mean pA2 value of 7.6, indicating that the Kd value of atropine for muscarinic receptors was in the order of 10-8 M. This value was similar to that obtained by receptor-binding assays using atropine as a ligand, which have demonstrated that the Kd of atropine for brain muscarinic receptors was between 10-9 and 10-8 M (23, 24). The mechanisms underlying the muscarinic inhibition of CN neurons were analyzed using intracellular recording. Carbachol did not alter the resting membrane potential (RMP) or in put impedance, although it markedly inhibited excitatory postsynaptic potentials (EPSPs) and action potentials (Fig. IA) . Muscarine also showed an inhibitory effect in a manner simi lar to carbachol (Fig. 1B) . In contrast, nico tine had no effect on the RMP, input imped ance, or EPSPs induced by local stimulation (Fig. 1C) . Carbachol reduced the peak ampli tude of the EPSPs induced by the local sti mulation, but did not alter the tau value of the rise or decay phase of the EPSP (Fig. 2) . These results indicate that conductance at the synaptic area of the distal dendrites was not altered by carbachol (25) . Evidence obtained from the intracellular study suggested that the inhibitory effects of ACh and muscarine were not derived from postsynaptic inhibition but rather from presynaptic inhibition. These find ings were in agreement with those from a receptor-binding study showing that musca rinic receptors were located on presynaptic terminals in the CN (26). (27) and guinea pig (28) have shown that both nicotinic and muscarinic receptors mediate ACh-stimulated catecholamine secre tion. Douglas et al. (29) investigated gerbil chromaffin cells and found that ACh-induced depolarization was partially antagonized by hexamethonium, while it was completely blocked by hexamethonium in combination with atropine. These findings suggested the possible involvement of muscarinic receptors in the cholinergic excitation of rodent adrenal chromaffin cells. Therefore, we performed a patch clamp study to analyze the muscarinic and nicotinic mechanisms involved in ACh induced excitation of chromaffin cells freshly isolated from the rat adrenal medulla (30, 31) .
Adrenal glands were removed from male Wistar rats under pentobarbital anesthesia, medullae were dissected out, and then incu bated in a low Ca 2+ medium containing 0.3% collagenase, 0.1% hyaluronidase, and 0.1% trypsin to obtain isolated chromaffin cells. Patch clamp recording was performed by the method of Hammil et al. (32) . For the rapid application of test drugs, solutions were direct ly perfused onto the cells using a microinflow system (30) . Single channel currents were automatically analyzed with programs written in C language and run on a UNIX operating system (31) . Portions of the programs were based on the work of Sachs et al. (33) and Akaike et al. (34) .
Current clamp measurements of the mem brane potential showed that ACh (106-10-4 M) depolarized cells in a dose-dependent man ner (Fig. 3A) . A low concentration (10-6 M) of ACh produced monophasic depolarization with a rapid rising phase and a slow decay phase. However, when the concentration of ACh was raised to 105 M, the depolarization apparently consisted of two components, i.e., rapid depolarization occurring immediately af ter the start of drug application and slow de polarization that developed after the cessation of superfusion. The slow component of de polarization became prominent with higher concentrations (104 M) of ACh. Because most of the cells had an RMP value of -60 mV, ACh-induced currents were recorded under voltage clamp conditions with a holding potential of -60 mV (Fig. 3B ). ACh at con centrations of 10-5 to 10-4 M produced two different sequential inward currents, a tran sient inward current with a rapid rising phase (the fast current response) and a persistent in ward current with a slow rising phase (the slow current response). The ACh-induced fast response was accompanied by an apparent in crease in membrane conductance, since there was an increase in the current induced by the application of hyperpolarizing pulses (Fig.  3C) . In contrast, the subsequent slow response was accompanied by a decrease in membrane conductance. These results suggest the in volvement of different ionic mechanisms in the ACh-induced fast and slow responses.
To determine the receptors mediating these ACh-induced responses, the effects of ACh, nicotine, and muscarine were compared by voltage clamp recording. As shown in Fig. 4A , both the fast and slow components of the ACh-induced current were dependent on the holding potential. The fast response was larger at -80 mV than at -40 mV. Such voltage-de pendent changes in the ACh-induced fast cur rent response were similar to those for the nicotine-induced current shown in Fig. 4B . In contrast to the fast response, the slow compo nent of the ACh-induced current was smaller The involvement of resting K+ conductance in the muscarinic excitation of the chromaffin cells was suggested by the following evidence: 1) membrane conductance decreased as the slow ACh response increased, 2) the slow ACh or muscarine response decreased with hyperpolarization, and 3) the muscarine-in duced current was recorded at -60 mV (volt age where most of the voltage-gated cation channels, including the voltage-dependent and Cat+-dependent K+ channels, are not acti vated [35, 36] ). The latter two findings indi cate that the slow response was mediated by K+ channels, which have a reversal potential more negative than the RMP, and not by Na+ or Cat+, which have reversal potentials more positive than 0 mV. If muscarinic excitation was caused by the suppression of resting K+ channels, the inward K+ current at the RMP should be decreased by muscarine.
To test this hypothesis, we examined the effects of muscarine on the inward current in duced by increasing the external K+ concen tration (Fig. 5) . When a medium containing 125 mM K+ was applied, cells were depolar ized to around 0 mV during current clamp re cording, and a large inward current was re corded at a potential more negative than -60 mV. When the perfusion medium contained tetrodotoxin (3 X 10-7 M) Plus CoC12 (5 X 103 M), inward current was still induced by perfusing cells with a high K+ medium. These results indicate that a major component of the high K+-induced current seen at the RMP was an inward K+ current flowing through K+ channels that were activated at potentials near the RMP, i.e., resting K+ conductance or inward-rectifying K+ channels (37). Figure 513 shows the effects of muscarine on the inward current induced by a high K+ medium. The membrane potential was clamped at -60 mV, since most of the voltage-gated cation channels were not acti vated at this potential (35, 36) . Muscarine (10-5 M) induced a slow inward current and reduced the inward current produced by the high K+ medium. Shifting of the baseline and suppression of the inward K+ current occur red simultaneously, indicating that the produc tion of an inward current by muscarine was accompanied by the suppression of resting K+ conductance. In other words, muscarinic re ceptor stimulation resulted in a reduction of the number of activated K+ channels main taining the RMP. Muscarinic inhibition of resting K+ conduct ance has been reported in ileal myenteric neurons (38) and sympathetic ganglion cells (39) . Because the RMP (approximately -60 mV) of adrenal chromaffin cells is more posi tive than the K+ reversal potential (which is below -80 mV, ref. 36 ), the K+ current spon taneously flows from the inside to the outside of a membrane clamped at a potential near the RMP. The spontaneous outward K+ cur rent at the RMP is reduced if muscarine sup presses the K+ channels that are active in the resting cell. Therefore, it seems plausible that the apparent inward current produced by mus carine was actually caused by a decrease in the spontaneous outward K+ current.
To determine the properties of channels re lated to the inward K+ current observed in whole cell recordings, single-channel currents were recorded at the RMP in the presence of a high K+ medium. Single inward currents of cells in a high K+ medium were recorded us ing the method for recording resting or ACh activated K+ channels (40, 41) and an inward rectifier (42) . Spontaneous inward currents with a brief open time were recorded at mem brane potentials near the RMP when the K+ concentration of the medium was raised to more than 70 mM. Single-channel currents re corded with external K+ concentration of 70 and 140 mM showed a linear relationship be tween membrane potential and amplitude. The single-channel conductance of the current was estimated to be 37 pS from the I-V curve when the external K+ was 140 mM. This value was similar to the single channel conductance of the resting K+ channel (39 pS) of atrioven tricular nodal cells (40) . The I-V curve of the current shifted to the right (towards positive potentials) as the K+ concentration in the medium was increased. This high K+-induced current was blocked by tetraethylammonium (TEA) but not by tetrodotoxin or Cot+. Moreover, the high K+-induced current re corded in outside-out recording showed strong inward rectification. These results indicate that the currents induced in adrenal chromaffin cells by high external K+ levels are mediated by K+ channels that are active at potentials around the RMP and share common prop erties with the resting K+ channels of heart cells. Figure 5C shows the effects of muscarine on single-channel currents induced by a high ex ternal K+ concentration and recorded in the cell-attached configuration. Application of muscarine at 10-5 to 10-4 M suppressed the number of channel events without affecting the current amplitude. The opening and clos ing times were not affected by muscarine, although the number of channel opening events induced by high K+ was reduced by muscarine (10-5 M) to approximately 51% of the control level. This value was comparable to the results obtained by the whole cell clamp recording, in which the net K+ current was reduced by muscarine (10-5 M) to 58% of the control value. Therefore, it is concluded that the activation of muscarinic receptors inhibited the opening of the K+ channels that mediate the brief inward K+ current in the presence of a high external K+ concentration.
The activation of muscarinic receptors of atrioventricular nodal cells results in the activation of resting K+ channels and pro duces hyperpolarization which decreases cellu lar activity (40) . In contrast, activation of the muscarinic receptors of rat adrenal chromaffin cells resulted in the reduction of resting K+ channels with properties similar to those of nodal cells and produced depolarization which increased cellular activity. Thus, it is possible that the muscarinic response of adrenal chro maffin cells is mediated by a second messen ger system that differs from that mediating the muscarinic response of heart cells (41, 43, 44) .
